Autocatalytic dissociation of water on the Cu(110) metal surface is demonstrated based on X-ray photoelectron spectroscopy studies carried out in-situ under near ambient conditions of water vapor pressure (1 Torr) and temperature (275 -520 K). The autocatalytic reaction is explained as the result of the strong hydrogen-bond in the H 2 O-OH complex of the dissociated final state, which lowers the water dissociation barrier according to the Brønsted-Evans-Polanyi relations. A simple chemical bonding picture is presented which predicts autocatalytic water dissociation to be a general phenomenon on metal surfaces.
Introduction
Water chemistry on metal surfaces constitutes a fundamental part of chemical processes of great economical importance, such as the hydrogen-production through steam reforming (SR), CH 4 3
On Cu(110) a large variation of the dissociation barrier for water has been observed depending on experimental conditions. From kinetic measurements of the WGS reaction rate at 10 Torr H 2 O + 26
Torr CO, 543 K ≤ T ≤ 653 K, Nakamura et al. 11 report a water dissociation barrier of 0.87 eV. A significantly lower dissociation barrier with a value of ~0.55 eV in the saturated water monolayer was obtained by some of the present authors under UHV conditions and low temperatures. 2 The difference in activation barriers can be explained by two extreme situations for water dissociation, the monomer and the saturated water monolayer. 2 This autocatalytic water dissociation on Cu(110) is also supported by recent calculations within the framework of density functional theory. 4 In order to arrive at a general understanding of the autocatalytic water dissociation we extend our studies on Cu(110) using synchrotron-based X-ray photoelectron spectroscopy (XPS) to elevated water pressure (1 Torr) 12, 13 and temperatures up to ~520 K, i.e. approaching technologically relevant conditions. Autocatalytic water dissociation is argued to be a general phenomenon on metal surfaces, originating from a strong H-bond between H 2 O and OH in the dissociated final state.
Experimental Section
Experiments were performed in the ambient pressure photoemission spectroscopy (APPES) endstation at the undulator beamline 11.0.2 at the Advanced Light Source (Berkeley, USA). 12 The vacuum base pressure in the endstation is about 2 × 10 -10 Torr. The electron spectrometer is a Specs Phoibos 150 with a custom-designed differentially-pumped electron lens. O 1s XPS spectra were recorded at a photon energy of 735 eV and a total energy resolution on the order of 350 meV.
Because both gas-phase attenuation and transmission of electrons through the electron optics are energy-dependent processes, particular care needs to be taken for a proper analysis of the data. Regarding the issue of X-ray and electron-induced water dissociation, 2,16 a comparative ambient pressure XPS study of Cu(111) and Cu(110), 17 recorded under X-ray irradiation and water pressure conditions identical to those reported here, resulted in no observable dissociation products on the chemically more inert Cu(111) surface unless pre-dosed with atomic O. We take this as proof that possible X-ray and electron-induced water dissociation, in the gas-phase and at the surface, does not influence our results. The Cu(111) results also rule out possible O 2 -contamination in the water vapor.
We also performed blank experiments on Cu(110) to investigate water dissociation in the absence of the X-ray beam. Introduction of water up to pressures of 1 Torr was followed by evacuation down to ~1 × 10 -7 Torr and then recording the spectra. Equally large amounts of water dissociation products were observed as when the X-ray beam was present during water dosing. Water dissociation on Cu(110) at 1 × 10 -7 Torr was negligible compared to high-pressure exposures. We are therefore confident that our results are not affected by X-ray or electron-induced dissociation.
Results and discussion

Autocatalytic water dissociation: the observations
In order to discuss the water chemistry on the Cu(110) surface at near ambient conditions we first identify the species corresponding to the various peaks in the XPS O 1s region. In Fig. 1 The saturation (maximum) coverage of OH on the surface was established to be 0.35 -0.4 ML under our experimental conditions. In Fig. 2 In the temperature range 470 -520 K, the water coverage is well below our detection limit (i.e. << 0.03 ML). Under these conditions we find P diss to be indicates that possible contaminants in our system (e.g. CO and H 2 ) have only a small impact on our results.
In the temperature regime 275 -380 K water is observed in large quantities on the surface (0.8 -0.2 ML). Under these conditions we determine P diss to be ≥ 1.5 × 10 -8 , a value several orders of magnitude greater than expected as discussed below. From measurements near 285 K and exposures to 1 × 10 -2 and 0.1 Torr, P diss was established to be as high as 1 -5 × 10 -7 . P diss could possibly be higher in 1 Torr at this temperature. Specifically, the determination of P diss at 0.1 Torr was obtained by ~5 s exposure at 285 K without X-rays present, followed by evacuation to 1 × 10 -7 Torr and recording of the XPS spectra, which confirmed an OH pure coverage of 0.2 ML. From extrapolation of the previously obtained low water coverage WGS data 11 down to 275 K a P diss of about 5 × 10 -12 is expected, however we obtain a several orders of magnitude higher P diss (≥ 1.5 × 10 -8 ) under 1 Torr H 2 O. The value could possibly be larger than 5 × 10 -7 based on the P diss obtained at the lower pressure of 0.1 Torr. Our finding that at lower temperatures, corresponding to high water coverage, the H 2 O dissociation rate is much faster than expected based on measurements obtained at higher temperatures, i.e. low water coverage, is fully consistent with autocatalytic water dissociation taking place at near ambient conditions. 22, 23 for water dissociation 24 and the effect of a considerable decrease in reaction enthalpy (∆H), to a significantly lower activation barrier (i.e. faster rate) for dissociation in, e.g., a water dimer compared to a monomer on Cu(110).
Autocatalytic water dissociation: the origin
Autocatalytic water dissociation: metal surfaces in general
We propose that the enhanced stability of the H 2 O-OH complex over H 2 O-H 2 O observed on Cu (110) is a general phenomenon on metal surfaces, and that this provides a general mechanism for water dissociation.
This can be understood by the fact that the metal-OH bond is strong and of mainly ionic character. 25
The large electron affinity of OH gives rise to a near-closed-shell electronic structure, 25 33, 34 Pd(111), 35 Rh(111), 36 Ag(110), 37, 38 Ni(110) 39 and Cu(110). 40, 41 From near ambient XPS studies the stability of the H 2 O-OH complex has also recently been demonstrated for the Cu(111) surface. 17 All of these results, consistent with the chemical bonding picture presented, strongly suggest autocatalytic water dissociation to be a general phenomenon on metal surfaces.
In closing, we emphasize that the H-bonding configuration of the dissociating water molecule is expected to strongly affect the dissociation barrier to OH ads + H ads . Here we give a general description of the (initial state) configurations proposed to be mainly responsible for the autocatalytic water dissociation.
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The water molecule can be involved in one, two or three H-bonds with other waters at the metal In summary, the initial state configurations responsible for autocatalytic water dissociation at metal surfaces are expected to be those where the dissociating molecule accepts as many (and donates as few)
H-bonds from (to) other water molecules as possible. This is consistent with the finding that the lowest dissociation barrier to OH ads + H ads in the saturated water monolayer on Cu(110) 4 and Ru(001) 5 is that for a H-down configuration, accepting two and donating only one H-bond to water in the initial state.
Conclusions
We have shown the autocatalytic role of water in water dissociation on Cu(110) under near ambient water pressures by means of in-situ XPS. Under the conditions explored the water dissociation rate decreases with increasing temperature, i.e. with decreasing water coverage. We argue that the greater stability of the H 2 O-OH final state complex compared to the H 2 O-H 2 O in the initial state provides the driving force for the autocatalytic water dissociation, in accordance with the Brønsted-Evans-Polanyi relations. The initial state configurations expected to be mainly responsible for autocatalytic water dissociation at metal surfaces are those where the dissociating water molecule accepts as many (and donates as few) H-bonds from (to) other waters as possible.
The results show that the inclusion of H-bonding effects is crucial for a complete understanding of the observed water chemistry and this is likely to be true in general for surface chemical kinetics in systems with adsorbates capable of H-bond formation.
